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I~RODUCTION

Heavy Feredon superconductors are L ●ubclaaa of the
Fermion (HF) ●vatems. ● cltiam of intermetallic compounds

or actlnide component characterized by an ● norwua value

●ocalled Heavy
with rare ●arth

of the ●lectronic

specific heat coefficient v(T) c/(TI~T in the Hellym temperature range

and below, where it can ~ecomc larger than 1 J/mole Kl, A ●ouvhat arbicrar~
limlt of ) ~ 0.4J/mule K’ dlstinguiahen these ●yatems from a much larger
numb.,r LJI compoundfi with oimlld- conatituants whoac specific hpmt ia alao
still vcr~ large comp~rcd with ordinary ❑etala lj.ke copper ( } - 0,65
ml;mole K ). For the followinR q ●ha]; call tuch compounds with ●ay
0.4 .Iimole K2> Y > O,CL J/molr K Bantam Farm+>n (BF) ●yatema. The lnrge Y

la thou;ht :0 be a Cmamurc of the inveree widL>. Wi of an ●xtremely narrow
b?[ld of f atate6, which internerts the Fermi ●nergy at T ■ O. Interest in
~[r:vy:y:g became intense after aupcrconductivity wa~ discovered in aomu of

, becauw cuntrarv to all pr~vtoua rxperiencc, according to which

narrow f atutea al the Fe;”ai ievel atronRlv ●uppreaa ●uperconductivlcy, in

Lhe HF auperconducLoru thl y ●ecmed to cauae iL.

In the following we ehall ghow that while in nonaupercunducting HF
●vstemg such aa CeC’ub, CeA1., and etochiometric CeCu2Si th~ larPe Y ia

iindeed dup to a vrry narrow f band, in tha three HF ●u ercondurtora UBC
UPt3 ●nd rrocratochlrmetric Ce(.u Si it in not. The f band of chase syote M;

ma -aaured by their reaponae lo ~agn,tic71eldm in three different way.,

la ❑uch wider than ●u8R@a:ed by thr larR@ >. According.co their ●ctual
f bmnd width, the HF ●LperconducLuro belona incc th~ Bantmm~mion claa~..—.
W@ th~n ●rRue t~a~ most of the large I of t!)=h;~=d”uctorn lo Rot of.-.— .—. ——.. —
●lactrunlc orlsin ●nd thmcltit inatcad caumed hy thr precureor of a mart@n-

—.— .

--.—
●itlu phan~tranaitir.t,of th~ latticr or by a cryetallogrfiphlc phaac ❑lxturr,

i.e. thaL it La due LO the cflglaclvu ~ra-a of frr~dom. Thin •ufl~~ata

that thr ~p~rcwnductiv~oi •~fi~% H~;~e;;;r~~t~~;ra ~n cauwrd by
some nppclal, low ●nargy phononti rather thtin !.- ● narrow f band.

IL r~qulrae ● careful ●nd thorouMh waluatlon of the ●vailable data to
●rrlw at the ●bove conrlu~ionn, vl,lch la trio Vn]tIMjnOua fur tll@ spac~
●v~llahlr hare, We cher~furr will puhllah a full paper elm~wh~r~ ●nd RivcI

hcrr only the main remulto. W ahnl! firnt dlatunn th~ rraponw to mAEnrLir

firldrn (nuncpptlhllicy, [l@ld d~pemlpnuc of tlw nprrlfir h~nt, vnlumr rnnM-

nrtoutrlctlon) , whirh clrarly dlmtlt}gulmhrtithr Ill’nuptrrrondllctorwfrom LhI”
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true HF systems CeAl 3, CeCu and (ns) CeCuqSi . We then discuss the marten-
sitic origin of y in the HF6superconductorE, #tarting with the interplay of
superconductivity with a well studied martensitic phase transition in L’ranik!rr
metal. We argue that the driving mechanism for this martensitic phase tran-
sition, which extends over a temperature range of more than 60 K iS the

~gnetoelastic interaction between th~,f induced ~uadrupoles on the Uranium
atoms and that the same interaction must cause similar marcensitic phenomena

‘n “Be13 and upt3” ‘e ‘inall~ ‘how
‘ha’ ‘n Cecu!si’

a pressure driven first
order and hysteretic y -Q transition coincides w [h the large upward shift
of the superconducting transition temperature and argue that surplus copper
in CeCu2Si2 causes a corresponding superconducting crystallographic phase
mixture of y and a type CeCu2Si2 already at atmospheric pressure.

THE RESPONSE OF HF SUPERCONDl!CTORSTO MACNETIC FIELDS

Quite generally the specific heat coefficient y is proportional to the
density of energv eig,enstateswithin kT &round the g?oundstate, It may be
written in units of states per Kelvin and molecule. If Y la exclusi~ely due
to a narrow band of electronic states with degeneracy p,,”thebandwidth then—— ...
follows directly from

‘f
= g i Y. or Wf [K] - 8.’) & ( ,0 [.1/wole K2])-1. (1)

For a doublet band with I - 1 J/mole K2 the bandwidth ia then416.6 K and
the Fermi temperature of ?he trendat T = O is Tfn = 8,3 K , 10 times
smaller than the Fermi temperature of copper.

When a magnetic field is applied to such an electronic band, its
rdsponsc is governud by the ratio of the Zeeman energy LJZHto the occupied
bandwidth kBT . For u H / kBT.L,X. 1, thr susceptibility at T - 0 ia pro-
portional to [his rat~u and tke change of the mpecific heat and of the
length (magnetostriction) arc proportional to ita square, when UZH reaches

‘nT[‘
which is possible in practice in true HF ayatems , the band begins to

aPl t into R sepurate componcntriand the reaponae changea in a characteri-
stic fashion, If the magnetic moment u is known, all three meaaurcments
c~,nth,enbe used to de:ermlno T

f
,,indep~ndently;they all can therefore teat

whet.hrry is indeud duu to an s ectronic band of width Wf aa suggested by
equo(1) or noL,

Thu PtculiScmaerfeld ratio——— ——-— ....—...--.....

The meet popular and alsc the most problematic test is via the nocallud
Pauli Sommerf~lctiatio (often #lso called thr Wi!,son ratio)

R - ( ,2kB2 /31;:)”(1./10) (2)

Hot’Q \ Ad y ●re the2musc ptibilitv and the ●pecific bent coefficient,
meaeur~d nearOT - 0, u 1u ~f/3 is measured preferttblvbv neutron scatttt’
ing oi by Lhr Curie We~ss cgnstnnt tsken in a temperature interval as C1OIIP
an pon~lble to T M O,

[II ‘Tablr I we have colle~tod whmt wc considrr sufficiently reliwble
and rc~mpl~tpdnta availablo for t.h~R tsnt on three nonsuperconductin~ NF
syntemM with CeI,sndon the thre!*HP superconductor. Ntrsuch complpt~ set
0’ dntn in unfortunately nvailahle for any nonm p~rconducting HP sytit~m

Y
wiLh Uranium. Wr justify our choicp uf datn in .

2



Table 1, The Pauli So-rfeld (Wileon-) Ratio of Some HF Systems 3

System 10 -1 ‘eff R

[emu/mole] [J/mole K*] [MB]

CeA13
(na)

CeCu6
(ns)

::;;2s~2

CeCu2Siq

(a) z

:!; I J

uPt3
(m)

0.030 7
(0.5 K)

0.039 ‘0
(0.6 K)

0.0327 ‘3

l!%: ~~
(poly)

0.0055 ‘6
(POIY) 13
0.0086
(xCal A]3
0.0074
(xtal B)

0,0151 ‘a

0.0151 18

omoof15 20

(a axis)

1.7 7 1.29 8
(0.5 K)

1.531’ 1.60 ‘2

0.615 * , ~ 0.89
13

1.65 ‘7

1.115 1.65 ‘7

1.08 ‘6 1.k15 ‘7

~,’ 13 ,.~~ ‘7

2.0 - 2.9 9
(0.5 - 0.01 K)

2.16

4.26 - 3.04

3.26

i- 2.94

0.43 - 0.8 9
(0.5 - 0.01 K)
1.0

I.1 ‘3 1.6517 0.55

F-o.?

0.7 lH 3.5 5 0.38

1.1 ‘y
(1.5 K)

3.5 5 0.24

(1.5 K)

R = 0.31

0.41520 2.4 5 0.78

(a axia)

The taLle ●howa the R valuaa_of the (na) HF ●yateme with Ce to lie
between 2 And 4, with ● n av@raRe R - 2.9(4), while thoee of th~ HF ●uper-

conductora ● re ●ll smaller than one. Compariao[l with (na) CeCu Si ●howa
thdt the low R value of (a) CeCu2S12 i?ia cauaed by itm ●all ● ce tibility,

The ●xperimental problama with the R teat ● ra reflected diractly in
the mcattor of the data. The theoretical problemn nwty be collected In the
●tatemenl thal nobody can ●ctually pradlct the R value of ● true HF ●yttem
with confidanca ●t ita the, The tumt I- e,R, only ●tnaible in ● pcramag-

n~tic metal, for which ferro ●nd ●ntifarromagnetic spin correlation, which
raie~ ●nd lower R with raapect to the ideal {paramaHnetic) value, ● re

na~llgible. There ● re ●lso mgnetoelaatic interaction bstwean f rnmenta
which in Ce ●yatems ● re usually stronger than tha spl,n interactlona,

FinaIlv, the susceptibility la aniaotropir in noncubic nyatema, Antiferro-

~~~rt~~ corr.lationa were recently detectad by rwutron ●cattarlng in
They ●lto ● re expectad in all othar ●yatem~ listed in table 1,

Tht-i$aLren~r.h may be ●stimetad roushly from the meBnotic ordarins tamp*ra-

turee nf certain refarence compounds llk~ GdAl (T * 160 K), CdCu (T. =

29 K) and GdCu2Si (T - 12 K), via dr Cennen ;cal?nR, , bvloualy fgr
?0

CO(’II)SI ~h~ ●nti mrro~gnvtic corrwlationa ● re thtn ●xpected to ba weakest.

Nut@, t~at indeed the R valupn of (na) CeCu2S12 are the larn~at (leaat



depressed by af correlations), This suggests that the ideal (paramsgne~ic)
R value of the (ns) HF systems should be still larger than the average R =
2.9(4) in table I. A simple thermodynamic calculation, sketched in the
following section, gives R = 4.75 for a paramagnetic doullet band, suggest-
ing that the R value of (s) CeCu2Si2 is nearly seven times lower than the
ideal value, or th~t the specific heat coefficient of its f band ia only
~ = 150 ml/mole K .

Why is the ideal R value of HF systems at least 3 times larger than
the Pauli Somuerfeld ratio? Because the simple f~ee electron theory with a
parabolic band. which has a lower, but no upper band edge, severely over-
estimates the specific he~t of a band with lower and upper band edge, at
least when the thermal energy k T approaches and ~passes kBTf , the Fermi
energy of the band at T = 0. Th?s theory actually predicts an electronic
Dulong Petit law, C + 3R

‘2$
or T :.>T while experiment shows Ce + O and

S + k lng in this sftuation . $0‘In the auli Sommerfeld theory the electrons
have Both kinetic a;,dmagnetic degrees of freedom, while the kinetic energy
of the local f electrons with respect to the lattice 1s zero. These elec-
trons have only g magnetic degrees of freedom. Of course, there is kinetic
energy with reLpect to the lattice in the narrow f - d hybrid band, but it
comes exclusively with the almost negligible d amplitude of the band.
Therefure, the Pauli Sommerfeld expression for the specific heat severely
overestimates the specific heat of a narrow f band and then underestimates
the R value. The experimental R values of all HF superconductors are then
far too low to assign their large y to a ~row f band.

The magnettc field dependence qf the specific heat

More decisive than a quantitative R test, which is certainly problem-
atic, is the teat via the magnetic field dependence of the specific beet.
It so happens that the values of Y and u in table I together with equ (1)
predict a precipitous drop of Y in f’ields~etween about 5 and 20 Teala,
which was indeed found in the (ns) HF systems, but not in the three HF
superconductors.

Mensurementa of Y(H) have been performed in field~ up to 11 T and at
temperature tanging from small to large compared to k T

i ‘0

as calculate

from Y via equ (1). In order co extract. all the availa le information from
these ~ata, one needs an expression for Y as function of both, field and
temperature. For reasons discussed above, the Pauli Sommerfeld C(H,’T)is
clearly inappropriate. An alternative model is that of the single Kondo 24
impurity, which is of questionable upplica$~lity to concentrated systems ,
althol’ghin practice it does not do badly ““. Here we shall use a simple
thermodynamic .spproach,which has been quite successful in calc,;lationsof

~nw~~~ ~~~~e$&,95,$O;~~iLrium propertied
of Heavy “,nd Bantam Fermion systems

We make the following Aneatz for the free ●nergy
of an f band deriving from a crystal field doublet:

Ff(l,ti)= - Nf’~l*ln (2 coeh c) (’1)

c : uzH/kDT* T* : (12+ ‘r;o)+
‘ff.l : ‘fo

/2kB - conet.

From equ (3) we derive the specific heat coefficient and the susceptibility

Villy - ~ JJFf/3f’21H,Tf nnd x = - a%f@T,Tf. For l..:TfoandH = O we find

Y. - NfkBl[~2/Tfo and Ku - NfujkBTfo, (4)

When inuerting these exptessionn illtc) eqlt (2), WP fil,.1R - 4.75 rather
t.hunR - 1, because o[r Y ia 4.75 timeg emallrr thnn in the Pauli Sonnnor-

Ield tlmoryt’ro te~t equ (8), we maku uee of a ,Ilrcct me,qnurement. of Tfo,



which is e.g. avlilable ior LeCu6 ‘, If one accepts ro/2 - 5.7 K = kBT
where r /2 is the $’

0.R9 J/mole K3~a~;;’~~~;ler lln observed, and XO = 0.05 efi/mole, ~0, 5
c neutron linewidth. With equ (4) this pre !cts

Y=
l~rger than observed (table I). Antiferromagnetic correlations are expect-
ed to increase the specific heat and to decrease the susceptibility with
respect to the ideal value. We see that our “ideal” expressions in equ (4)
leave room for just sucfieffects, i.e. R = 4.75 seems to be a quite reason-
able number without antiferromagnetic correlations.

Fig. 1 shows Y(T,H) as calculated from equ (3) for a HF system with
Tfo- 3.9K (appropriate for CeCu6 when ignoring antiferromagnetic correlat-
ions) and for a BF system with Tfo = 100 K (appropriate for (s) CeCu2Si2;
this system shows its large f bandwidth not only by its small R value, but
already directly by a paramagnetic Curie Weiss temperature of about - 100 K16
in polycr stals; single crystals show ;,pz

1’
-80Kand-130Kinc anda

direction 3). The difference between HF and BF systems ‘s dramatic; for
H < 20 Tesla th? field dependence of y is very strong and complicated for
the HF system. but practically norexlstent for the BF system. In Fig. 1 we
have also included the data for Y(H,T), for CeCu6 an,!)(H = O,T) at higher
T 29. Similar data for y(}l,T)exi!itfor CeA13 23. These data confirm the
basic featurea predicted for a true HF system, in particular the strong
drop of YO(H) and the crossover o+’Y(H,T) at a temperature just below Tfo.
The crossover and the maximum of ‘:(H,T)predicted at higher fields may be
viewed as due to a quasi Schottky s:,omaly, which develops, when the two
magnetic states of the f band are split by a Zeemsn energy, larger than the
width of these ststes.

)(T,H)

\

-+- HF
talc

/
DF

(H.~ol)

— — —. ——

0 4 8 1:

T (K)

Fig, 1. The depender!ceof the linear specific heat cwflic
on teop~roturv and wgnetlc field for a trw Herrvy
cystem (lf - 3.9 K) with data for CeCu6 11 and for
Bantnm Fermlorlnyatem (Tf - 100 K).



Data taken on (ns) CeCu2Si2 by Stewart 1 in O and 11 T between 1 and 10 K

show similar effects aa @Cu6! including a crossover at 3 K. However, the
size of the effect is only about 25% of what is expected from the calculat-
ion for a HF system with Tfo E 5 K, suggesting th~t only 25% of the HF phase
was present in this sample, the rest being of the BF type. Many other mea-
surements 6, 13, 16s 30 also indicate that actual samples of CeCu2Si2 are
mixtures of the Hr and the BF version. The fact that the HF phase suppres-
aea superconductivity completely, already when only present as a minority,
indicates that the very narrow f band of the HF phase is just as poison-
ous to auperconducti’~ityas longstanding experience has shown in all other
ayateme with concentrated and dilute slightly unstable Ce atoms.

Data taken on a sample of (s) CeCu2si2 16 with very little amount of
the HF phase present show no field dependence of y whatsoever, within the
noise of the measureme,~t, in spite nf the fact that Y of this sample is
of order 1 J/mole K2 rear 1 K and strongly decreasing with increasing tem-
perature, i.e. in spite of the fact that I(T) looks very similar to the
curve calculated for H - 0 in Fig. 1! Tht.integrated Y(T), i.e. the entroPY
S(T) of this sample is shown in Fig, 2, together with similar data for
UBe13 which again shows a Y(T) nearly as calculated for H = O in Fig. 1,
but again shows almost no field dependence. The third HF superconductor,
uPt3, shows some field dependence of Y ,which 16 however much le~s than we
calculate from Y. and Lz (table I) in magnitude and has moreover the wrong
sign! We shall discuss Fig. 2 further down.

r 1 I I 1 -1

/“” --’;F
r

z’1 4-./.

‘t (s)CeCu2Si2

1’ ‘0

~

o 10 20 30 40

T (K)

6

Fiu. 2. Tileelttropyof the sp~cific heat anonuiliesof (6) CeCu,Si2 16
and of UBe13 J1 aa function of temperature. The high f~eld
slope is the Y of their Bantam Fermion f bandwidth. The lnw
temperatutw tinomnlvwith its steep initiai riec and with total
entrory AS~kBln 2 is independent of maRnetlc field and there-
fore not of electronic origin.



Magnetostrlction of HF systems

Magnetostriction is another quantity, which is extremely sensitive to

the f bsndvidth, similar to the specific heat coefficient. and more easilv
measurable. In table II we give data for the volume magnetostriction (lMS)
of CeA13, CeCu6 and of (s) and (ns) CeCu2Si2 at 1 Tesl~ and 4.2
VMS, ae measured between 1.5 and 40 K, shows strong temperature
dependence, which can be fitted well with an ex ression derived
simple phenomenological thermodynamics 26, 27, !0

AV

[

‘2v(1 - v) uZH.= Xla_—_
Vv 2 kB(T+Tf)j

K 30. The
and field
again from

(5)

Here AVO is the volume df.fferencebetween the tri- and tetravalent unit
ceil of the Ce compound and v is the fractional occupation of the tetra-
valent state. Note the similar magl,itudesof the [MS of the (ns) HF systems
and the very much Smaller val~e of (s) CeCu2Si2 III, which is comparable
to the BF system CeBe13. CeCu2Si2 II has the same temperature and field
dependence of the VMS as (ns) CeCu2Si2 I, but a much smaller absolute value;

apparently this sample iS a mixture of minority HF and majority BF CeCu2Si2,
the lat:ers VMS being practically zero. For a difference of Tf of the two
phases by a factor seven, equ (5) predicts a difference of-;;e VMS by a
ft’tor 33 at 4.2 K (at T = O, the VW is proportional to Tfo.) In short,
the VMS says again r.hacthe f bandwidth of (s) CeCu2Si2 is about an order
of magnitude larger than that of the other three HF Ce systems, in spite of
the fact that all y are comparable.

Table II The Volume ?bgnetostriction of Some Heavy and
Bantam Fermion Systems with Ce at H = 1 Tesla
andT = 4.2 K.

—

System AV/V Remarks

CeA13 1.4 “ 10-6

CeCu6 1.8 “ ,.-6

CeCu2Si2 I 6.1 “ 10-7 (ns)

CeCu2Si2 11 1.1 “ 10-7 (s) (na) mixture

Cdcuzsiz 111 <5 . IQ-8 (s)

CeBe~3 .!$.5. 10-8

THE NATURE OF Y IN THE HF SUPERCONDUCTORS

7

In#he previous ●ection we have seen that the f bandwidth in the HF
auperconduc,torsis much larger than suggested by their large low tempera-
ture specific heat coefficients. Since the effects of the f band are actu-
ally seen in these materials, e.g. in the .suscf!ptibilityvia the Curie Weisu
behavior, and since it ie inconceivable that there be another electronic



band with a width as small as suggested by y, but without response to a
magnetic field, the large y of these systems cannot be of electronic origin,
The only possibility left is that it is caused by the displacjve (vibrat-
ional) degreea of freedom in the solid, whose sensitivity to a magnetic
field should be negligible, in first order. However, normal phonons are
out of the question too, since they are essentially frozen out at Helium
temperatures. We therefore s,!ggest that the large Y is associated with the
specific heat anomaly around a martensitic phase transition, which occurs
in the Helium temperature range or even at a slightly negative temperature,
in which case the specific heat near ‘r= O would be enhanced by “paradis-
placeons’’33,tbe dynamic precursors of a msrtensitic phase transition (In
analogy to paramagnons, the dynamic precursors of a magnetic phase trans-
ition, which enhance Y. in certain, barply paramagnetic metals like pal).
This enhancement of y should decrease with increasing temperature (the
farther T is sway from the “slightly negative” critical temperature), just
aa observed in the HF superconductors.

We suggest two driving mechanisms for tl~esemartensitic phase trans-
itions

a) Electric quadrupole-quadrupole interactions between neighboring
atoms with open f shells with L ~ O

b) Transitions between two fractional valence states

The first mechaniam seems dominsnt in UPt3 and UJe13 and the second
in CeCu2Si~ (y - a transition).

THE QUADRUPLE DRIVEN MARTENSITIC PHASE TRANSITION IN URANIUM METALS

Uranium metal is a striking example for the interplay of superconduc-
tivity with a martensitic phase transition. Fig. 3 shows the superconduct-
ing transition temperature Tc of Uranium and the temperatures T~iof three
consecutive phase transitions of its lattice as function of pressure

34.

Atp=O, Tc of Ura.]iumis below 0.15 K, but it increaaes very steeply to
a maximum above 2 K near 12 kbar. It then drops again, much more slowly,

50

ho

30

‘Y
(x) 20

10

0

[. ‘ q ‘ ‘1
3

Uranium

048 12 16 20 24
p (kbar)

2

Tc

(K)
1

2.0

1.5

1!0

0.5

0
o 20 4(I 60 80 100

p (kbar)

Fig. 3. The superconducting transition temperature Tc and the three
temperatures TM of the martens~.ic transition in Uranium
metal as functions of pressure “.



to vanish below 0.3 K near 90 kbar. On the other hand the critical tempe-
ratures of the martensitic phase transitions, which lie at 43, 38 and 22 K
at p = O, drop precipitously with increasing pressure to cross zero near 6,
10 and 12 kbar, precisely at the pressures. where Tc goes through a series
of kinks on its way through the maximum. It appears, as if the auperconduc-
tlvity were cauaeciby the zero crossing of the martensitic phase transition
and that it still lives fairly well on its dynamic precursors up to 90 ltbar!

Neutron scattering has established 35 that at p = O the order para-
meter of this complicated series of transitions increases monotonously,
starting at 70 K (I.e. far above the first singularity!) and finally satur-
ating at 10 K. The entire transition, which is quite subtle, i.e. very
difficult to detect in nearly all macroscopic measurements, la spread over
60 K! The temperature dependence of the order parameter is linear, with
three abrupt changes of slope at the three TMi 35. The linear temperature
dependence iS inconsistent with mean field behavior, but consistfrt with a
thermodynamically stable crystallographic phase mixture, i.e. a mixture of
tWo lattice types , whose relative weight f a linear function of tempera-
ture. In order to have such a mixture in thermal equilibrium, the grains of
both phases must be very small (of order a few 100 ~), such that the inter-
face energy can play a significant rcle 33. Since the TMi are close to zero
between 6 and 12 kbar, one may expect very slow fluctuations from one
lattice type to the other in this pressure range near T = O, i.e. very slow
motion of the U atoms , which will contribute significantly to the low tempe-
rature specific heat and &hould be beneficial for superconductivity. Judging
from the large temperature range of the precursor at p = O (from 70 to 43 K)
at p > 12 kbar (TMi < O), one expects the precursor to be felt over ~ large
pressure interval.

The entropy change associated with the series of martensitic transit-

ions was found to be :S = 0.06 kBln 2 per U atom at p = O 36. The order
parameter is a nearly volume conserving distortion of the a-U structure .
which

?
oes from zero to about 1,8% of the lattice constant between 70 and

10K3.

The driving mechanism of this martensitic transition in U metal has
never been discussed in the liters.ture,to our knowledge. We suggest here
that it is a magnetoelastic interaction between the U atoms through a small,
aspherical, In first order quadrupGlar distortion of the charge distribution
of the U atoms , which la tied axially to the instantaneous vector of the f
angular momentum ~. Thiciquadruple Q is detectable via ma netostriction in

?all metals containing atoms with open f shell with L + O 3 938)39. It should
be considered As a constant of the motion, similar to the f magnetic moment
U. The magnitude of Q depends on the solid. It ranges in practice from about
0.2% in compounds to about 2% in the f elements.

We estimate the Interaction energy in elements and compounds by

AE
Q

= (c/2) Q2 (do/d)L. (6)

Here c is the amalleat (shea~) elaatic constant measured in the solid
aboi,eTM, Q is the quadruple of the unit cell of the element and do and d
are the distances between the f atoms in the element and in the solid in
question. In table 111 we give.Al?Qas calculated 5 for t!.UPt3 and UBe13,
using Q D 0.018 (i.e. the maximum distortion of the a-U unit cell at p = O,

T - O) and measured elaatic constanta. For UBe13 there are two values of
AEQ, corresponding ~~:wo different values for the same elaatlc constant in
the literature 40~

For U metal AEQ = 48 K is only slightly above the first martensitic
transition temperature. For UPt3, AEQ - 6.9 K is tslightlyabove the well



documented quadrupolar driven phase transition of the closely relnted
compound UPd3 44 and close to the phase transition triggered in UPt
and Pd impurities 45V 46. For UBe13 the higher v~)ue of AEQ is at tieb;e~e-
rature, where the specific heat shows a maximum and the lower value is
~lo~~ to the temperature of the transition triggered by Th impurities below

All this shows clearly that martensitic phenomena caused-by the
U~anium quadruple at Helium temperatures and below must be discussed seri-
ously in the two HF superconductors UPt3 and UBe13.

Since the specific heat anomalies of UPt3 and UBe13 show no singulari-
ties as function of temperature, they must be due to the precursors of the
martensitic transition. Judging from U metal, the entropy under :he precur-
sors may be a significant fraction of the entropy of the full transition.

Fig. 2 allows to estimate this entropy. The high temperature
~~~~B~~3S(T) corresponds co the y of the actual (Bantam) f band and its
intercept with the-ordinate at T = O gives the entropy of the precursor.
We find AS = 0.45 kBln 2 Fer molecule of UBe13 or AS - 0.032 ~ln 2 per
atom (clearly, in a displacive transition all atoms of the molecule move).
This is half of the entropy found in the f= transition in U metal per
atom, and therefore supports our picture.

In a cubic system like UBe13 the quadrupolar distortion,can go into
three directions an? therefore will cause distortional domains below TM at
zero external magnetic and zero strain field. In this context it la inter-
esting to note that the resistivity of UBe13, one property, which does
depend strongly on a magnetic field, decreases as a universal function of
tllieb~~ saturates at high field at almost exactly 1/3 of the zero field

! This suggests that the magnetic field is able to remove the
directional degeneracy of the cubic lattice distortions, i.e. the domains,
leaving a distortion with only one axis, Accordingly the resistivity anomaly
of UBe s seems to be caused entirely by scattering on slowly moving quadru-
pol.arlattice distortions rather than by f spin scattering!

How an the U quadruples move slowly enough to almoat lock into a
statically ordered state at Helium temperatures, while their coaxial magnetic
moments still flip as fast as suggested by the Bantam Fcrmion f bandwidth
at the same temperatures (Tf s 75 K in UBe13)? The obvious answer is that
+ Jz and -Jz have the same Q=, i.e. fluctuations between . Jz do not cause
fluctuations of Qz directly. However, for J > 3/2 there are intermediate
states through which Jz and Qz can couple, and therefore Jz fluctua~ions
are communicated to Cjzweakly, This explains, why pressure, which increases

Table IIi. Comparison of the calculated quadrupolsr ordering energies AEQ
(equ 6) with the observed msrtensitic temperatures TM(Q-0.018)

System c d AE

[1012e~~ncm-3] [R] [K;
‘M
[Kj

Remarks

*

a-U 2.0
40—

3.13 48 43,28,22

uPt3 0.93 41 4.08 6.9 6-7 U(Ptl-xThx)3,UPd3

‘Be13 1.6-3.042 5.13 2.7-5.2 2.9 max of C(T)

UBe13 0.07?0.22 43 5,13 0.12-0,38 0.4 ul-xT*xBe13
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the f bandwidth in all Cc and U systems, simultaneously increases the Qz
fluctuations, i.e. decreases AE

Q
and TM.

MARTENST.TICEFFECTS ASSOCIATED WITH THE y - CIVALENCE TRANSITION OF CeCu2Si~

Quadrupolar distortions. which are a general prop?rty of all metals
with open f shell with 1.+ O, are also observed clearly in all Ce systems
with sufficiently weak f ir.stability(see e.g. 30).LLQ is of order a few K
In many Ce compounds, which is actually as a r!le larger than the spin spin
interaction energy extrapolated from the Cd reference, LE is probably at

?the root of the anomalies, which are observed in many aam les of (na)
CeCu2Si2 near 3 K 9, However, when moving from HF to BF CeCu2Si2, these
effects are weakened by the residual coupling between Qz and .!zdiscussed

iSbOVe; at the same time a different and eveo stronger mecnanism capable of
driving a martensitic phase transition appears, namel>,the y - a valence
transition.

CeCu2Si2 is one of the very few Ce compounds with a diacontinous .1- a
transition (as in elementel Cc). This transition was re:entl

x$x- ray absorption at 38 kbar, kith a vtry Iargc hysteresis
:O;h: ::n:~]~r

pressure coincides with the pressure, st which the superconducting transit-
ion temperature of (s) CeCu2S’.2is known to jump from 0.9 to mre than 2 K 50,
very similar to the jump ~{ ‘L’cfrom 0.04 K to 2 K in the a o’ transition]
of Ce metal nesr 50 kbar and 81B0 similar to the jump of Tc of U metal
between O and 10 kbar Fig. ~.).

Fig. 4, shows a calculation f the Gibbs free energy of CeCu2Si2 as
59function of valence (v = 3 + v) , Near p = O, C(V) shown only one mini-

mum, near v - 0,06, but two local minima of G(v) coexist between about 25
and 50 kbar, which are e~gf,tically degenerate near 35 kbar, almost exactly
at the pressure, where the first order f - a transition is observed 49,

Obviously, the calculation p“:edictsa first order phase transition with
largt,hysteresis, as observed. Significantly, however, the predicted vale~~e
shift is about 18;., while experimentally n shift of only 42 was observed .
O!~rcalculation does not include a poseible interface energy between emall

3.0

3.2

: 3,:*

; J,(1

> 3.8

4,()

-20 -10 0 10 20 30 4() 50 73 8‘)

G(1OO K)
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FiR, 4, ThSIcibba free en~rgy ~~ CeCu2Si2 an function of val’’nce (v - 3 + ~’)
and proasure at 300 K . Two local minimo (dashed llne~) coexi8t fol
2’)kl~ar, p , 50 kbnr, COIIL8tctlLwith tlw flr:~torder valencu tran*-
itiun nbnorvt’dat 18 kbnr

to, (’1’hrfigurv is beat viewed from th~ lvft)
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grains of the two phases with fractional valence differing by 18%, i.e. it

cannot predict a possible thermodynamically stable phase mixture.It seems
likely that the observed valence shift 15 much .mallerthan predicted,
because it starts from one phase mixture of the two fractional valence
states and ends in another! This idea is quite consistent with the cbserved
nonlinear behavior of v(p) in the neighborhood of 38 kbar 49, It therefore
appears that in (s) CeCu2Si2 two phases with fractional valence differing
by about 1S% coexist over a wide pressure and temperat,]rerange, in thermal
equilibrium!

As far aa the lattice is concerned, the two phases are primarily dist-
inguished by their volume ,which decreases with increasin~ v. The lattice
displacements are therefore of different symmetry than in the quadrupolar
Uranium martensites and of larger magnitude. Indeed, the entropy char,:e
extracted for the martensitic precursor in (s) CeCu2S+.2(Fig, 2.) is AS =
0,12 kBln 2 per atomt considerably larger than in !;1)L13!

Th, superconducting transition temperature of (s) CeCu2Si2 dropa
sharply again at pressures larger than 50 kbar 50, the pressure above which
our calculation of G (v) shows only one local minimum, i.e. a stable a type
phase alone (Fig. 4.}. This suggests that the pure a phase of CeCu2Si2 ia
not a superconductor either,just as the pure y phase, (ns) HF CeCu2Si2), is
not. If this is true, the superconductivity of CeCu2Si? lives exclusively
on a crystallographic phase mixture. It goes now almost without saying
that from several points of view the addition of copper to sLochiometric
CeCu2Si2 strongly favors the envisioned phase mjxture, ‘.’:.it drives the
compound into this peculiar state of a superconducting phase mixture
already at atmospheric pressure,
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